The transepithelial chloride permeability of airway and sweat ductal epithelium has been reported to be decreased in patients with cystic fibrosis (CF). In the present study, we investigated whether the airway epithelial defect was in the cell path by characterizing the relative ion permeabilities of the apical membrane of respiratory epithelial cells from CF and normal subjects. Membrane electric potential difference (PD) and the responses to luminal Cl-replacement, isoproterenol4 and amiloride were measured with intracellular microelectrodes. The PD across the apical barrier was smaller for CF (-11 mV) than normal (-29 mV) epithelia whereas the PD across the basolateral barrier was similar, (-26 and -34 mV respectively). In contrast to normal nasal epithelium, the apical membrane in CF epithelia was not Cl-permselective and was not responsive to isoproterenol.
Introduction
Sweat ductal and respiratory epithelial function ofpatients with cystic fibrosis (CF)1 is abnormal (1, 2) . The transepithelial electric potential differences (PDs) measured in vivo across both epithelia are higher than normal. The raised PD could result from an increase in transepithelial current flow (active ion transport), an increase in resistance to ion flow, or both. Measurements of biionic PDs across excised perfused sweat ducts and respiratory epithelia suggest that the relative electrodiffusive Cl-permeability of the epithelium is smaller than normal (1, 3) . The possibility that the raised PD in respiratory epithelia also reflects in part an increased rate of Na' absorption has been proposed (2, 4) .
Indirect evidence suggests that the cellular rather than the paracellular pathway is abnormal in the CF epithelium. In freshly excised nasal tissues, unidirectional C1-fluxes across CF specimens were smaller than specimens from normal or disease control specimens (5) . Because the permeability of a probe of the paracellular path (['4C]mannitol) did not differ for CF and normal specimens, it was suggested that the decreased Cl-permeability of the CF epithelium was localized to the cell path. This notion has been supported by studies of cultured respiratory epithelial cells. Stutts et al. (6) demonstrated that, compared with cultured normal nasal cells, the rate of 36CF-influx into cultured CF nasal cells was reduced. Preliminary electrophysiologic studies ofcultured normal and CF tracheal cells also may indicate that the Cl-defect resides in the cell compartment in the CF respiratory epithelium (7) .
In this study we measured with intracellular microelectrodes the PDs of the apical and basolateral membranes and the ratio ofapical to apical plus basolateral membrane resistance ofsurface epithelial cells offreshly excised CF and normal nasal epithelium. Because the major electrodiffusive paths for Na' and C1-movement across respiratory epithelial cells are located in the apical membrane (8, 9) , we studied the effects of drugs and changes in solution composition that affect this barrier. Nasal epithelium was selected for this study because its ion transport and permeability properties resemble those of lower airways (2) . In addition, it is the only respiratory epithelium of CF subjects that is readily available and is usually not infected. Methods Normal nasal turbinate from six healthy patients (27.7±2.9 yr) undergoing reconstructive surgery and nasal polyps from six CF subjects (1 1 
Results
The V/t for six normal nasal turbinates (NT) was -6±2 mV, whereas the mean 4't ofsix CF polyps was -15±2 mV. A similar difference in PD was previously reported for normal and CF nasal, tracheal, and bronchial PD in vivo and nasal PD in vitro (2, 5) . The transepithelial conductances (G) ofNT and CF polyps were not significantly different, 1 1.4± 1.0 and 12.6±2.1 mS/cm2, respectively. In a previous report from this laboratory, CF polyps were found to have a significantly smaller conductance than normal turbinate (5) . However, the difference in G was not evident when the study was extended to a larger number oftissues (35 normal and 56 CF tissues) (4) . The equivalent short-circuit current (Isc = +t/RJ) was 58±18 uA/cm2 for NT and 170±17 uA/cm2 for CF polyps. The greater Isc of CF tissues agrees with recent data from a larger number ofspecimens that demonstrated that the active Na+ flux reflected by the steady-state Isc for CF polyps (146±11 uA/cm2, n = 56) is significantly greater than the Isc of NT (77±5 uA/cm2, n = 35) (4) . tissue. The unimodal distribution of Vb in both groups oftissues is compatible with the impalement of a single cell type. Photomicrographs ofCF and normal nasal epithelial specimens from this study showed that the surface epithelium was populated mostly with ciliated cells (>80%) in agreement with previous studies (5) . For both CF and normal tissues itb was not correlated with Pt. Histograms of Va for each tissue also tended to be unimodal, but the magnitude of {,a depended upon the specimen. The 28-mV apical membrane (4v) depolarization is consistent with the presence of a conductive permeability of the apical barrier that is greater for Cl-than gluconate. The basolateral membrane of NT also depolarized significantly, indicating that the resultant current loop was driven by the bi-ionic PD (gluconate versus Cl-) across the apical membrane rather than by that of the paracellular path (see Discussion). The steady-state R./(R. + Rb) was not changed. The changes in q1, and {'a of CF tissues were significantly smaller than those of NT. Ob and R./(R, + Rb) were unchanged. Return to Cl--replete media reversed the effects of low Cl-on NT and CF polyps.
The smaller response ofCF polyps to luminal Cl-substitution could reflect a larger apical membrane Na' permeability, rather than a smaller Cl-permeability. To evaluate this possibility, the contribution of the apical Na' permeability to the voltage response induced by luminal Cl-reduction was eliminated by pretreating tissues with amiloride, an inhibitor ofthe apical Na+ conductance, followed by exposure of the lumen to low Clsolutions containing amiloride (see below for the effects ofamiloride alone). The magnitude of the apical membrane voltage drop induced by the reduction ofCl-concentration in amiloridetreated NT (Table II) was similar to that of NT not exposed to amiloride (Table I) . No significant changes in ik5, for CF or R./(R. + Rb) for either group were noted. Consequently, it is likely that the Cl-permeability of the apical cell membrane is smaller in CF tissues.
Beta adrenergic agonists increase Cl-secretion by Cl--secreting epithelia (canine trachea and bullfrog cornea) by raising apical membrane Cl-conductance (9, 10) . Because intracellular Cl-activity in Cl--secreting epithelia is above electrochemical equilibrium (1 1), diffusive efflux is enhanced or induced by raising the apical Cl-conductance (9, 12, 13) . In five NT tissues that were treated with amiloride to block Na+ absorption and bathed bilaterally with KBR, a small hyperpolarization in 4,1 was induced by isoproterenol (Table III) . Also the equivalent Isc increased, (a depolarized, and R./(R. + Rb) decreased significantly. These observations indicate that Cl-secretion can be stimulated in NT, in part via an action on the apical membrane.
In a similar protocol with four CF tissues, isoproterenol exposure failed to alter /,t Isc, O., or Ra/(Ra + Rb) (see Table III ).
We also investigated whether activation of the apical membrane Cl-conductance by isoproterenol could be detected in CF tissues by recording the response of that membrane to isoproterenol during an imposed CL-gradient, i.e., during the exposure to low CL-concentrations in the luminal bath (Table IV) .
Four CF and five NT tissues were treated with isoproterenol in the presence of low luminal Cl-and amiloride. In NT, isoproterenol induced hyperpolarization of i/,, a small depolarization of4,a, and a small decrease in R./(R. + Rb). This provides strong evidence for an isoproterenol-stimulated apical membrane Clconductance. No effects of isoproterenol were detected in CF polyps treated in a comparable manner (Table IV) .
To estimate the relative magnitudes ofthe apical membrane Na+-electrodiffusive permeabilities for NT and CF polyps, tissues were exposed to amiloride in the presence ofbilateral KBR (Table   V) 
Discussion
Our intracellular microelectrode data suggest that the elevated 4,t in CF is a reflection of an abnormality of the transcellular rather than the paracellular path for transepithelial ion flow. These studies, which focused on the apical cell barrier, have detected abnormalities of this membrane that contribute to the abnormal electrical profile of the CF airway epithelial cell.
The smaller 4t' in CF tissues could result from different properties of the apical, basolateral, or paracellular paths. The possibilities include: different relative ion permeabilities at either membrane, intracellular ion activities, membrane or paracellular resistances, and electrogenic pumps. The major apical membrane ion conductances (Gion) in the most widely studied model airway epithelium, canine trachea, are Ga-and GNa+ (8, 9, 13) . If this observation is true for human nasal epithelium, then the reduced value for 4,a in CF tissues is consistent with either a reduced Gc-(i.e., i. is depolarized relative to the transmembrane chem- The pattern of responses to luminal CF-reduction for NT and CF tissues was repeated after amiloride pretreatment (Table  II) . Because amiloride removes the contribution ofthe Na+ conductance to ip., we would have predicted that the apical membrane would be more Cl-permselective and consequently the depolarization of 4/a induced by low CF-should be larger after amiloride. Failure to observe this result could reflect changes in other ion permeabilities (K+, HCO ) or an interaction between the Na and Cl conductances, e.g., a voltage dependence of the CF-conductance (14). The observation, however, that in CF tissues the CF-substitution maneuver induced smaller changes in ql, 4'b, and iVt in the presence of amiloride suggests that the electrodiffusive CF-permeability is absolutely smaller in CF polyps than NT.
When a conductive species (C1-) is removed from the solution bathing a membrane, the resistance of that barrier, and consequently R./(Ra + Rb), should change. We cannot account for proterenol (see below) makes this possibility unlikely. The likelihood that the apical membrane permeability ofthe untreated CF apical membrane for Cl-is smaller than in NT is supported by an analysis ofthe interaction ofamiloride treatment with the Cl-path in these tissues (Table V) . The effects of amiloride exposure of airway epithelia are complex. In several respiratory epithelia ( 15) , including NT (5), the basal Isc is equivalent to the rate of active Na' absorption. However, exposure to amiloride or replacement of luminal Na+ with choline does not completely eliminate Isc. The residual Isc reflects the inducation ofCl-secretion. We have speculated that this response is due in part to a hyperpolarization of the apical membrane, which provides the driving force for a net Cl-efflux from the cell to the luminal bath (16) . The presence of a relatively large CF-current in NT during amiloride treatment therefore probably reflects in part the effects of the larger driving force (l/a) that favors Cl-extrusion through an apical electrodiffusive pathway (Table V) . The smaller residual current in CF polyps during amiloride exposure, despite an even larger electrical driving force that favors secretion, supports the notion of a low apical membrane Cl-permeability.
Exposure of NT to the beta agonist isoproterenol appears to increase the apical cell membrane conductance for Cl-. Under conditions where the apical membrane Na' permeability was blocked with amiloride (Table III) , isoproterenol increased Isc, increased G,, and decreased R./(R. + Rb). This pattern of response is similar to that reported for isoproterenol-induced Clsecretion in the canine trachea (9, 13) . With reduced Cl-in the luminal bath, isoproterenol-induced changes in NT that were also consistent with increasing the relative Cl-permselectivity of the apical membrane, e.g., )/a depolarized and R./(R. + Rb) decreased (Table IV) . No changes attributable to an activation of an apical membrane Cl-permeability in response to isoproterenol exposure could be detected in CF polyp in either of the approaches (Tables III and IV) . This finding is not related to an inability of CF cells to respond to beta adrenergic stimulation ( 17) and therefore appears to reflect a defect in the Cl-conductance in CF.
In summary, on the basis of: (a) the abnormal response to luminal Cl-reduction with or without amiloride pretreatment; (b) the smaller residual Cl-current after amiloride exposure; and (c) the failure to exhibit a detectable CF-permeability after isoproterenol exposure, it appears that the apical membrane of the CF polyp is characterized by a markedly lower CF-perme- ability that cannot be activated by beta agonists. The latter observation, the inability to activate the Cl-path with isoproterenol, is consistent with the observations of Sato in the coil of the CF sweat gland (18) . We conclude that the apical barrier of CF airway epithelial cells is characterized by a decreased C1-permeability. This inability to secrete Cl-(salt) and water could contribute to the dehydration ofairway secretions reported for CF (19) (20) (21) . However, the results of exposure of tissues to amiloride are also consistent with an elevated Na+ conductance in CF tissues. Functionally, an increased sodium absorptive capacity, as indicated by the raised Isc, can result in increased net salt and water absorption in the presence of decreased cellular Cl-permeability only if an alternative path exists for chloride ion flow. In contrast to epithelia with high electrical resistance, e.g., sweat duct, there is an appreciable paracellular path in both CF and normal airway epithelia that allow the extracellular marker mannitol to permeate the barrier (5) . The raised 4t of CF airway epithelia could provide the force to drive Cl-through the paracellular path. Thus, our results suggest that the increased rate ofNa+ absorption (and water) by CF airway epithelia may also contribute to the "dehydration" of CF secretions.
